ABSTRACT We have recently proposed a phase diagram for mixtures of porcine brain sphingomyelin (BSM), cholesterol (Chol), and 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) on the basis of kinetics of carboxyfluorescein efflux induced by the amphipathic peptide d-lysin. Although that study indicated the existence of domains, phase separations in the micrometer scale have not been observed by fluorescence microscopy in BSM/Chol/POPC mixtures, though they have for some other sphingomyelins (SM). Here we examine the same BSM/Chol/POPC system by a combination of fluorescence resonance energy transfer (FRET) and Monte Carlo simulations. The results clearly demonstrate that domains are formed in this system. Comparison of the FRET experimental data with the computer simulations allows the estimate of lipid-lipid interaction Gibbs energies between SM/Chol, SM/ POPC, and Chol/POPC. The latter two interactions are weakly repulsive, but the interaction between SM and Chol is favorable. Furthermore, those three unlike lipid interaction parameters between the three possible lipid pairs are sufficient for the existence of a closed loop in the ternary phase diagram, without the need to involve multibody interactions. The calculations also indicate that the largest POPC domains contain several thousand lipids, corresponding to linear sizes of the order of a few hundred nanometers.
INTRODUCTION
The formation of domains in ternary mixtures of sphingomyelin (SM), 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC), and cholesterol (Chol) has received considerable attention. Phase diagrams of membranes containing these three components have been investigated experimentally (1-3) and theoretically (4, 5) because those lipids are the major components of the outer monolayer of mammalian membranes (6, 7) and are believed to be essential components of membrane rafts (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Using the terminology of liquid-liquid phase separation first introduced by Ipsen et al. (19, 20) , POPC forms a liquiddisordered (L d ) phase, whereas SM/Chol mixtures with a molar ratio close to 1:1 form a liquid-ordered (L o ) phase (21) (22) (23) (24) . The existence of phases or domains in ternary mixtures and the location of their boundaries in the phase diagram have been somewhat controversial (1, 25) , but there is fairly good agreement on the broad location of a region of L d /L o coexistence at room temperature, as depicted in Fig. 1 . The exact location, shape, and boundaries of this L d /L o coexistence region appear to vary with the method of observation and the precise type of SM and phosphatidylcholine (PC) (1) (2) (3) . Nevertheless, some form of L d /L o coexistence appears to be a general feature of mixtures containing equimolar amounts of SM and Chol, with variable amounts of PC (Fig. 1, dashed line). It seems that a significant part of the discrepancies lies in the spatial resolution of the various methods used. In particular, giant unilamellar vesicles (GUVs) prepared from mixtures containing brain sphingomyelin (BSM) appear uniform by fluorescence microscopy (26) but seem to consist of different lipid domains when examined by other methods. We could not explain the kinetics of interaction of the peptide d-lysin with vesicles of BSM/Chol/POPC in any other way than through L d /L o domain coexistence (1, 27) . For domains to be visible by fluorescence microscopy, their size must be larger than the wavelength of the light used, in practice typically of the order of 1 mm. Fluorescence resonance energy transfer (FRET) has indicated the existence of domains in mixtures where they are not detected by fluorescence microscopy (25, 28, 29) .
Another point much debated in the field is whether phospholipid/Chol interactions are best described as L d /L o domain (or phase) coexistence or as condensed complexes of phospholipid and Chol (13, 30) . Here, Monte Carlo simulations of a simple lattice model of the membrane are used to help in understanding the microscopic behavior of these mixtures. If one focuses on the L d /L o coexistence region ( Fig.  1 ), SM and POPC are both in a liquid state. Therefore, no phase transitions are involved, and each lipid can be represented by a single state. POPC is envisioned to be in the L d state and SM in the L o state. The Gibbs energy of the lattice is determined solely by differences in the mutual interactions of lipid neighbors. The unlike nearest-neighbor interaction Gibbs energy (31) , or interaction parameter for short, is defined for each pair of lipids (A, B ¼ SM, POPC, or Chol, A 6 ¼ B) by
where g AA and g BB are the Gibbs energies of interaction between two A or two B molecules, and g AB is the Gibbs energy of interaction between one A and one B molecule. It is the parameter v AB that determines whether lipids A and B mix well or separate into domains. Therefore, the most important decision in this type of Monte Carlo simulation is the choice of unlike nearest-neighbor interaction parameters. In this system, there are three: v SP for SM/POPC, v SC for SM/ Chol, and v CP for Chol/POPC interactions. These parameters can be estimated from experimental lipid distributions obtained using the nearest-neighbor recognition method of Regen (32, 33) . Briefly, a binary mixture containing lipid analogs with a thiol group is allowed to reach its equilibrium distribution under conditions where thiolate/disulfide exchange occurs. The mixture is then quenched by changing to acidic conditions, fixing the disulfide bonds between analog lipid pairs. Several types of lipid dimers are thus formed: A-B heterodimers and two types of homodimers, A-A and B-B. The distribution of heterodimers and homodimers is then analyzed and the equilibrium constant for partner exchange is calculated. These types of data have been obtained for several lipid pairs (34) (35) (36) (37) (38) . From those data, v AB for different pairs of lipids can be calculated (31, 39) . Another approach is to obtain an experimental measure of domain formation, from FRET or excimer/monomer ratios (40, 41) , and compare it with Monte Carlo simulations, varying v AB in the simulations until a match is obtained. Similarly, the experimental data can be obtained from the heat capacity functions of pure and mixed bilayers, which are compared with those calculated from Monte Carlo simulations (42) (43) (44) (31, 37) , the interaction between DSPC and Chol is estimated to be v AB ¼ À350 cal/mol. It is well established that in the L o state the interaction between SM and Chol is at least as favorable as between long-chain saturated PC and Chol (9, (46) (47) (48) . Therefore, it appears reasonable that the interaction parameter between SM and Chol be close to the largest value for PC/Chol in the L o phase, that is, v SC ¼ À350 cal/mol. The interaction between Chol and saturated PC in the L d state is close to ideal (v AB % 0) (31, 37, 39) . However, Chol interacts less favorably with unsaturated PC (46) , to the point of showing a strong 'aversion' to polyunsaturated PC (49) . The interaction of Chol with POPC must therefore lie between these two situations. It is not clear whether L d -L o phase separation between Chol and POPC exists at all. Some reports favor its existence (2, 25, 50) , but others do not (1, 3, 51) . Most likely, if it exists, it is not extensive (1). Also, increasing v AB to 330 cal/mol between gel and fluid DPPC lipids leads to a firstorder phase transition (52) (40) . The physical origins of these lipid-lipid interactions were discussed in a recent review (31) . In this article, FRET between a novel donor/acceptor pair of fluorescent lipids is used to investigate the existence of domains in BSM/Chol/POPC mixtures. This is combined with Monte Carlo simulations of the lipid bilayer on a lattice to obtain a measure of the lipid-lipid interactions between these three components. The simulations indicate the presence of domains on the order of a few hundred nanometers in addition to many smaller ones. These sizes would be below the resolution of fluorescence microscopy. Further, the Monte Carlo simulations are in good agreement with the FRET experimental data if a favorable interaction parameter of À350 cal/mol between SM and Chol is used. This is a strong interaction for a lipid pair and would be consistent with formation of SM/Chol condensed complexes. On the other hand, the simulations also reveal the formation of large domains of mainly POPC and others of mainly SM/Chol, which can be identified with the L d and L o phases. 
METHODS

Preparation of large unilamellar vesicles
Large unilamellar vesicles (LUVs) were prepared by mixing the appropriate lipid amounts in 4:1 chloroform (CHCl 3 )/methanol (MeOH) in a roundbottom flask. The solvent was rapidly evaporated using a rotary evaporator (Büchi R-3000, Flawil, Switzerland) at 60°C-70°C. The lipid film was then placed under vacuum for 4-8 h and hydrated at room temperature for POPC and POPS and at 70°C for the mixtures containing BSM by the addition of buffer containing 20 mM MOPS (3-(N-morpholino)propanesulfonic acid), pH 7.5, 0.1 mM EGTA, 0.02% NaN 3 , and 100 mM KCl. The suspension was then extruded 10 times through two stacked Nuclepore polycarbonate filters (Whatman, Florham, NJ) of 0.1-mm pore size, using a water-jacketed high pressure extruder from Lipex Biomembranes (Vancouver, Canada) at room temperature for POPC and POPS and at 70°C for the mixtures containing BSM. Lipid concentrations were assayed by the Bartlett phosphate method (53), modified as previously described (54) , with the absorbance read at 580 nm. Lipid vesicles were kept in the dark under nitrogen at room temperature.
Synthesis of fluorescent probes
The synthesis of NBD-POPE and MB-POPE were performed as described generally by Vaz and Hallmann (55) , with the following specific procedures.
Organic solvents were dried with molecular sieves (Sigma-Aldrich, St. Louis, MO). POPE solutions in CHCl 3 were first dried in a rotary evaporator and the lipid film was then dissolved in ;0.5 mL of dry CHCl 3 . A total of ;5 mg of NBD-Cl or MB-SE were reacted in a probe/lipid ratio of ;1:1.1 with POPE. MB-SE was dissolved in ;0.3 mL dry dimethylformamide (DMF); NBD-Cl solid was dissolved in ;0.3 mL dry CHCl 3 /MeOH 1:1 (v/v). Crushed K 2 CO 3 , dried for 24 h at 80°C and then kept desiccated, was added to the POPE solution in a 1.1:1 salt/lipid ratio. The probe (MB or NBD) solution was then added drop-wise to the POPE/K 2 CO 3 solution. The reaction mixtures were stirred in the dark and analyzed by TLC using dichloromethane (CH 2 Cl 2 )/MeOH 2:1 for MB and CH 2 Cl 2 /MeOH/water 65:25:4 for NBD. The reaction took ;1-3 h for completion for MB-SE and ;4-6 h for NBD-Cl. The fluorescent probes were identified with ultraviolet light and the phosphorus-containing lipids with the Zinzade reaction (56) . Purification was performed on preparatory TLC using CH 2 Cl 2 /MeOH 4:1. The products were eluted from the silica using CH 2 Cl 2 /MeOH 2:1, after which the solvent was rotary-evaporated at 50°C. Finally, the products (MB-POPE or NBD-POPE) were dissolved in a minimal amount of dry CHCl 3 and kept under nitrogen at À30°C. Absorbances were determined in MeOH (basic for MB) in a CARY 1E ultraviolet-visible spectrophotometer (Varian, Australia), and lipid concentrations were determined by the Bartlett phosphate assay (53) .
FRET measurements
Fluorescence measurements were performed in a SLM-Aminco 8100 spectrofluorimeter (Urbana, IL). MB was excited at 367 nm and the emission wavelength was scanned from 380 to 600 nm. The slitwidths were 2 nm (excitation) and 8 nm (emission). FRET from MB to NBD was measured as described in detail in the Results section.
The overlap integral (57) was calculated from
where F D (l) is the fluorescence emission of the donor (MB) and e A (l) is the absorption of the acceptor (NBD). The Förster distance, which is the distance between the donor and acceptor fluorophores that corresponds to 50% energy transfer efficiency is then obtained from J(l) by (57)
where k 2 is the relative orientational factor between dipoles, n is the refractive index of the medium, Q D is the quantum yield of the donor, and the numerical factor combines unit conversion factors (57) . k 2 can vary between 0-4 and we used the standard approach of taking k 2 ¼ 2/3, which is the motion-averaged value. For the refractive index of a vesicle suspension the value of n ¼ 1.4 was used (57) . The quantum yield of MB is Q D ¼ 0.89 (58) , and the extinction coefficient of NBD-POPE at 463 nm is e A ¼ 21,000 
Monte Carlo simulations
Monte Carlo simulations were performed on a Linux workstation with inhouse FORTRAN code programs using the NAG f95 compiler (Numerical Algorithms Groups, Oxford, UK). The lipid bilayer was represented by two superimposed triangular lattices with skew-periodic boundary conditions (60) . Lattices of 100 3 100 sites were used in most simulations. To verify that the conclusions apply to the experimental system employed (LUV, with ;10 5 lipids) a few simulations were performed on a 300 3 300 lattice (9 3 10 4 sites). Each lattice represents one of the leaflets of the bilayer and each site represents a lipid molecule, SM, POPC, or Chol. Phospholipids are considered to be in a liquid state for the compositions simulated, according to the phase diagram ( Fig. 1) . Therefore, no phase transitions are involved. POPC is envisioned to be in the L d state and SM in the L o state, but this conceptual framework has no influence on the simulations. The energy of the lattice is determined solely by differences in the mutual interactions of lipid neighbors. These interactions are represented by unlike nearest-neighbor interaction Gibbs energies, or interaction parameters for short, v AB , defined for each pair of lipids (A, B ¼ SM, POPC, or Chol, A 6 ¼ B) by Eq. 1. The equilibration of the lattice is achieved by site exchange using a variation on the method of Kawasaki (61) . Rather than exchanging only nearest neighbors, the two sites for which a switch is attempted are both picked randomly from anywhere in the lattice. This ensures a much faster equilibration of the system and has no effect on the equilibrium properties calculated. This method could not be used for realistic kinetics because diffusion in a real system occurs by exchange of lipid nearest neighbors. However, the interest here is only in equilibrium properties, and allowing for exchange of nonnearest neighbors is a much more efficient equilibration method. The reason is, if only exchange of nearest neighbors is attempted, after small domains form a large fraction of the attempted moves leads to no change because there is a high probability that two neighbors are identical. This results in a waste of calculation time. In any case, simulations that used only nearest-neighbor exchange were also performed and the results were identical to those that used nonnearest neighbor exchanges-but the time to reach equilibrium was ;103 longer.
The algorithm is as follows. A Monte Carlo cycle (mcc) is defined as a number of attempted moves equal to the lattice size (10 4 for a 100 3 100 lattice). For each attempted move, a site on the lattice is picked at random. Here and in all other cases, the random number generator ran2 of Press et al. (62) was used. The site to exchange with the first picked site is also chosen at random. The Gibbs energies before and after the exchange are calculated and the exchange probability is defined by p ¼ exp(ÀDG/k B T), where k B is Boltzmann's constant and T is temperature, which was set to 300 K in all simulations. The acceptance of the move is based on the algorithm of Metropolis et al. (63) : if p $ 1 the move is accepted; if p , 1, a random number (Ran#) is generated, and the move is accepted if p . Ran#. The simulations were run for 10 5 mcc, which ensured that equilibrium was reached, as confirmed by occasional longer runs. The most important average properties computed were the POPC domain size and the fluorescence energy transfer efficiency (E t ).
To the best of our knowledge, the partition coefficient (K p ) of NBD-POPE between SM/Chol and POPC bilayers has never been determined. For NBD-dimyristoylphosphatidylethanolamine (DMPE), K p ¼ 5.9 in favor of POPC over SM/Chol 6:4, and K p ¼ 4.2 in favor of POPC/Chol 1:1 over SM/ Chol 6:4 (64). Based on its much lower T m , NBD-POPE is expected to partition even more favorably into POPC over SM/Chol mixtures. However, rather than assuming a value for K p in the simulations, we simply assume that the fluorescent lipid probes, MB-POPE and NBD-POPE, behave as tagged POPC molecules in their interactions with other lipids. The only difference is that they can transfer energy if an acceptor (NBD-POPE) is within the distance R 0 of a donor (MB-POPE). This assumption appears entirely justified because the acyl chains of both probes are exactly the same as those of POPC. Furthermore, experimentally there was no difference in FRET in bilayers of POPC or POPS, which have the same acyl chains. Therefore, the headgroup difference appears to have little influence in this respect.
Since a lipid has a diameter of ;8 Å , the experimentally determined R 0 ¼ 46 Å corresponds to a circle with a radius of ;6 lipids (Fig. 2 ). The energy transfer efficiency, E t ¼ R 6 Þ, as a function of distance, r, is replaced in the Monte Carlo simulations by a step function. Thus, a donor is considered to transfer energy if at least one acceptor is found within a distance of 6 lipids on the lattice in the same leaflet of the bilayer. Energy transfer across the bilayer occurs over a projected distance of ;2 lipids in the opposite leaflet. This follows from the assumption that the fluorophore moieties of the probes occupy a location approximately equal to that occupied by the choline groups and knowing that the distance between the choline headgroups in dioleoylphosphatidylcholine is ;42 Å (65). In the algorithm, energy is always transferred if an acceptor resides within R 0 from a donor after one mcc. The only adjustable parameters in the simulations were the unlike lipidlipid interaction Gibbs energies between unlike nearest neighbors (v AB ).
RESULTS
Characterization of energy transfer
The absorption spectra of MB-POPE (in alkaline methanol) and NBD-POPE (in methanol), and the fluorescence emission spectra of MB-POPE and NBD-POPE incorporated in POPC vesicles in buffer at pH 7.5 are shown in Fig. 3 . It is apparent that a large overlap exists between the emission of MB-POPE and the absorption of NBD-POPE. Therefore, these two fluorophores constitute an excellent Förster energy transfer pair. This is the first time its use is reported, to the best of our knowledge. The overlap integral was calculated from those spectra according to Eq. 2 to yield a value of R 0 ¼ 46 Å using Eq. 3.
Relation between FRET and peak ratio
When measuring energy transfer, a significant portion of the error arises from the determination of lipid concentrations. Typically, a sample containing both donor and acceptor and another sample containing only donor are prepared and the efficiency of energy transfer (E t ) is obtained, upon donor excitation, from the ratio of donor fluorescence in the presence of acceptor (F DA ) to donor fluorescence in the absence of acceptor (F D ),
Significant improvement in accuracy can be achieved if the energy transfer is calculated from a single sample, becoming then a differential measurement with an internal reference. In FRET this can be accomplished by calculating E t from the ratio of the acceptor and donor peak intensities in the sample that contains both probes. To do that, one requires a calibration of the peak ratio to the energy transfer efficiency. This was achieved by examining a very large number of samples in several different lipid preparations of different compositions (Fig. 4) . From these data, an empirical relation was found between the energy transfer efficiency and the fluorescence peak ratio (p r ) of NBD emission at 524 nm to MB emission at 460 nm, 
Except in Fig. 4 , all values of energy transfer efficiency reported here were calculated from this calibration curve.
Dependence of FRET on probe concentration in POPC and POPS membranes (effect of charge)
The goal of this work was to use the two probes, MB-POPE and NBD-POPE, to report on domain formation in BSM/ Chol/POPC mixtures. One concern is that both probes carry negative charges at pH 7.5, so it is conceivable that repulsion between the two would decrease the energy transfer. To assess the effect of electrostatics on FRET, E t was compared in vesicles of POPC (zwitterionic) and POPS (anionic) containing both probes at a fixed ratio of MB/NBD 1:1.5 and varying the MB-POPE concentration from 0.25 to 2 mol % of the lipid. The results, shown in Fig. 5 , indicate that there is no difference between the two lipid matrices. Therefore, the effect of charge repulsion on the efficiency of energy transfer is negligible in these experiments.
Dependence of FRET on POPC mole fraction in BSM/Chol/POPC
The dependence of energy transfer efficiency on the mole fraction of POPC (X POPC ) in BSM/Chol/POPC vesicles was examined under two sets of conditions. First, the concentration of MB-POPE was kept at 1 mol % of the POPC content of the vesicles, and X POPC was varied, maintaining the molar ratios BSM/Chol 1:1 and NBD/MB 1.5:1. The results are shown in Fig. 6 , where E t is plotted against X POPC (triangles). The energy transfer efficiency increases with the POPC content of the vesicles and tends to a plateau. Second, the concentration of MB-POPE was kept fixed at 0.5 mol % of the total lipid and X POPC was varied, again maintaining the molar ratios BSM/Chol 1:1 and NBD/MB 1.5:1. A series of spectra for one of these experiments is shown in Fig. 7 . FRET increases from A (X POPC ¼ 0.20) to B (X POPC ¼ 0.40) but then decreases in C (X POPC ¼ 0.60) and even more in panels D (X POPC ¼ 0.80) and E (X POPC ¼ 1.0). The observation of a maximum at X POPC % 0.30-0.40 was consistently reproduced in all experiments where E t was monitored as a function of X POPC in mixtures of BSM/Chol/ FIGURE 4 Experimental calibration of the energy transfer efficiency (E t ) with the NBD/MB peak ratio (p r ). For the calculation of peak ratios the intensities were read at 524 nm for NBD and 460 nm for MB (peak maxima). The FRET E t was calculated from the intensity ratios of the MB peaks in samples containing both probes to identical samples containing only MB-POPE. These measurements were performed in a variety of lipid vesicles with different compositions and probe contents varying from 0. POPC containing equimolar ratios of BSM and Chol. A plot of the energy transfer efficiency against the POPC concentration is shown in Fig. 8 (circles) , corresponding to data from three independent experiments. On average, E t goes through a maximum at X POPC % 0.30. This clearly indicates that lipid domains exist in this system. Otherwise, E t would be independent of X POPC . These two experiments, especially the second, which is much more sensitive, were used to refine the estimates of the unlike lipid-lipid interaction Gibbs energies in the Monte Carlo simulations.
Monte Carlo simulations and domain sizes
Monte Carlo simulations on a lattice were used to interpret the experimental values of energy transfer efficiency. In these simulations the lipid bilayer is represented by two superimposed triangular matrices, each site representing a lipid. The probes behave as tagged POPC molecules in their interactions with other lipids. In addition, energy transfer occurs if an acceptor (NBD-POPE) is within the distance, R 0 , of a donor (MB-POPE). In the simulations, this distance corresponds to 6 lipids (;46 Å ) if donor and acceptor are in the same leaflet or 2 lipids (projected distance) if they are in opposite leaflets of the bilayer. Using these distances and no other adjustable parameters, the Monte Carlo simulations agree well with the experimental dependence of FRET on the probe concentration in pure POPC and in pure POPS membranes, as shown by the line in Fig. 5 . Although for the two complete experiments shown for POPS (solid triangles) and POPC (open triangles) the calculations appear to be systematically high, they actually match exactly three other sets of data obtained at 0.5 mol % in POPC (open diamonds). The small difference between the simulations and the data in general is not any larger than the dispersion in the experiments from independent data sets.
When simulating mixtures, three unlike nearest-neighbor interaction parameters must be included: v SP for SM/POPC, v SC for SM/Chol, and v CP for Chol/POPC interactions. As described in the Introduction, the choice of the values for these parameters was guided by experimental data available and by previous Monte Carlo simulations, which were themselves performed trying to match experimental results. Beyond those considerations, the impact of these parameters on the results of the simulations was extensively tested. In these tests, the experimental values of energy transfer efficiency were a guide to the correctness of the choice of parameters. The choice of v SC ¼ À350, v SP ¼ 1300, and v CP ¼ 1200 cal/mol yielded the best overall agreement between the FRET experiments and the Monte Carlo simulations, as shown by the solid lines in Fig. 6 and, especially, in Fig. 8 . The sensitivity of the calculations to the interaction parameters can be inferred from the dashed lines in Figs. 6 and 8, which correspond to v SP ¼ 250 instead of 300 cal/mol, keeping the other parameters the same. The dotted line in Fig. 6 is the same as the line in Fig. 5 , corresponding to pure POPC, where no domains exist. Comparison between the solid and dotted lines in Fig. 6 shows the effect of domains on FRET in this experiment. However, some parameter correlation is observed; as long as v CP 1 v SP À v SC % 850 cal/mol, the first two being positive and the third negative, it is possible to fit the data quite well. Using those parameter values, the differences between the experimental and calculated points are never larger that the dispersion in the experimental data, perhaps with the exception of the point corresponding to X POPC ¼ 0.20 in Fig. 6 . Overall, the calculations reproduce well the values of E t . But perhaps the strongest support for the correctness of the essential features of the simulations is that they reproduce the shape of the dependence of E t on X POPC (Fig. 8) , a result that is nontrivial.
Having calibrated the Monte Carlo simulations with the FRET experiments, it is now possible to extract information regarding lipid domain sizes from the calculations. A snapshot of one of the monolayers for an equilibrated bilayer with the composition SM/Chol/POPC 35:35:30 is shown in Fig. 9 A. This picture is typical of the most common lattice configuration observed with the interaction parameters v SC ¼ À350, v SP ¼ 1300, and v CP ¼ 1200 cal/mol. In this snapshot, a large domain is observed, which coexists with a few intermediate ones, but mainly with small domains of ;10 molecules or less. This is more clearly seen by examining the distribution of POPC molecules in domains of different sizes shown in Fig. 10 (black) , which is cumulative for an entire Monte Carlo run. This distribution is highly asymmetric: many small domains coexist with one or two very large ones. Essentially a phase separation occurs between a SM/Chol 1:1 domain and a POPC domain. The large domain contains ;2,300 POPC lipids, ;3/4 of the total POPC in a lattice of 100 3 100 sites with X POPC ¼ 0.30.
To examine the effect of lattice size on the domain distribution function, a few simulations were performed on a 300 3 300 lattice, which has the number of lipids of a real LUV, the experimental model system investigated. Most often, one large POPC domain is formed, which coexists with many small ones. The distribution function for SM/Chol/POPC 35:35:30 shows that this domain contains ;21,000 POPC lipids, again ;3/4 of the total POPC in the lattice. This corresponds to an extensive phase separation. To examine the sensitivity of the calculations to the interaction parameters and the lattice size, simulations were performed in both lattices with v SC ¼ À350 and v CP ¼ 1200 cal/mol, but varying v SP from 300 down to 250 cal/mol. The domain size distribution function changes already with v SP ¼ 270 cal/mol (Fig. 10, red) , no longer showing a complete phase separation, but a broad maximum centered around 1,900 lipids in the 100 3 100 lattice and around 7,000 lipids in the 300 3 300 lattice, which corresponds to only ;1/4 of the POPC. With v SP ¼ 250 cal/mol (Fig. 10, green) , the distribution looks completely different, showing essentially an exponential decay with domain size and no phase separation in either lattice. A snapshot of the 100 3 100 lattice for a calculation with v SP ¼ 250 cal/mol is shown in Fig. 11 . Equivalent changes in domain sizes are observed if one of the other two parameters, or a combination of the three, is reduced in absolute value by 30-50 cal/mol. Finally, with the same parameters, the values calculated for the energy transfer efficiency (E t ) are larger by ;1%-2% in the 300 3 300 lattice. This means that, to obtain the same experimental values of E t , slightly smaller parameters, in absolute value, could be used in the 300 3 300 lattice.
DISCUSSION
Domain formation in mixtures of BSM/Chol/POPC was investigated by a combination of experimental FRET measurements and Monte Carlo simulations. FRET occurs between two probes, MB-POPE and NBD-POPE, the acyl chains of which are identical to those of POPC and POPS. Therefore, these probes are expected to behave much more similarly to POPC than to SM or Chol. FRET was examined in BSM/ Chol/POPC mixtures with a ratio of BSM/Chol 1:1 and variable POPC content. Samples of pure POPC and pure POPS containing the probes were also examined and showed identical behavior, indicating that electrostatic effects or other headgroup interactions have a negligible influence on the observed FRET. If these effects were significant, repulsion between the two anionic probes would be expected to be larger in POPC (zwitterionic) than in POPS (anionic), which should mask the probes. In that case, a lower FRET should be observed in POPC compared to POPS. However, FRET is identical in both lipid matrices (Fig. 5) .
When the POPC content is increased in mixtures of BSM/ Chol/POPC with equimolar amounts of BSM and Chol while increasing the probe concentration in the same proportion, FRET increases, tending to a plateau (Fig. 6) . When the POPC content is increased, but keeping the probe concentration fixed with respect to the total lipid, the energy transfer efficiency (E t ) goes through a maximum at X POPC ;0.30 ( Fig. 8 ). This clearly indicates that domains exist in these mixtures; otherwise, if mixing were ideal, a constant value of E t would be observed. Qualitatively, we interpret the occurrence of this maximum as the result of two different processes. At low X POPC (#0.20), POPC exists mainly in small domains; POPC molecules and the probes are therefore dispersed in the SM/Chol matrix, with relatively few donor/ acceptor pairs in the same domains. As X POPC increases, larger domains exist and more probe pairs reside in the same domains, so FRET increases. However, as X POPC increases even further, because in this experiment the probe concentration is fixed relative to the total lipid, the probes are diluted out within the POPC domains and FRET decreases.
To obtain a quantitative interpretation of those results, Monte Carlo simulations were performed on two superimposed triangular lattices, which represent the lipid bilayer. The two lattices were necessary to account for energy transfer across the bilayer, which occurs because of the large Förster distance of this donor/acceptor pair, R 0 ¼ 46 Å . Using this experimental parameter and the thickness of the lipid bilayer (65) , and no adjustable parameters, the Monte Carlo simulations reproduced well the FRET observed in pure POPC (Fig. 5) . In simulations of SM/Chol/POPC mixtures, the unlike lipid-lipid interaction Gibbs energies need to be included. The approximate values of those interaction parameters were based on experimental data as much as possible and then fine-tuned by comparing the experimentally observed FRET with its value calculated in Monte Carlo simulations. The values that yielded the overall best agreement between data and simulations were v SC ¼ À350 cal/mol for SM/Chol, v SP ¼ 1300 cal/mol for SM/POPC, and v CP ¼ 1200 cal/mol for Chol/POPC interaction. These parameters indicate that there is a slight repulsive interaction between Chol and POPC, but so little that it would be hard to distinguish from random mixing ( Fig. 9 C) ; a stronger repulsive interaction between SM and POPC ( Fig. 9 B) ; and a favorable interaction between SM and Chol (Fig. 9 D) . This might be sufficient to explain observations that have been interpreted as the formation of condensed complexes between phospholipids and Chol (4, 13, 30 Fig. 9 A, makes these comments evident. On the one hand, Chol molecules (red) appear usually paired with SM molecules (white), giving the impression of a complex. On the other hand, extensive regions of SM/Chol (L o ) coexist with large POPC domains (L d ).
For X POPC ¼ 0.30, the POPC domain distribution consists of one large domain (occasionally two), which contains ;3/4 of the POPC lipids, and many small ones with ;10 lipids or fewer (Fig. 10) in both 100 3 100 and 300 3 300 lattices. The largest POPC domains would have real linear dimensions of the order of a few hundred nanometers. These sizes are too small to be observed by fluorescence microscopy and indeed they have not been observed by this method (26) . However, they are large enough to be detected by FRET. They are also large enough to have a significant effect on the interaction of peptides and peripheral proteins with membranes. Indeed, the kinetics of the interaction of the peptide d-lysin with vesicles of BSM/Chol/POPC are strongly dependent on the fractions of L d and L o domains (1) . On that basis, we have proposed a phase diagram for BSM/Chol/ POPC (1). We conjectured then that the domains must be at least larger than the peptide length (4 nm) to be detected. The conclusions reached here are consistent with that idea.
Nevertheless, if the scaling of domain size with lattice size were exact, ;3/4 of the lipid in a GUV with a composition BSM/Chol/POPC ;1:1:1 would form a domain that would be visible by fluorescence microscopy. Simulating a lattice with a size corresponding to a GUV is beyond our present capacity. However, a comparison of the effect of the unlike lipid-lipid interaction parameters on the domain distribution functions in 100 3 100 and 300 3 300 lattices indicates that scaling with lattice size is approximate but not exact. This is because the entropy gain from splitting a large domain into smaller ones is greater in the larger lattice. Thus, as the lattice size increases, the domain size increases as well, but not in the same proportion. Furthermore, slightly smaller parameters in the 300 3 300 lattice are sufficient to produce the same effect on the calculated FRET in comparison with the 100 3 100 lattice. This suggests that the real parameters might be slightly smaller in absolute value. In a GUV, the distribution would be even further shifted to smaller domains. To produce good agreement with experiment, the absolute values of the unlike lipid-lipid interaction Gibbs energies, v SP , v CP , and v SC , must add up to 850 cal/mol. Very small decreases in the absolute value of any of these three parameters, by as little as 50 cal/mol, lead to a change from phase separation to small domains (compare Figs. 9 A and 11). It is also possible that the unlike lipid-lipid interaction Gibbs energies are actually somewhat smaller in a GUV than in a LUV. This would further enhance the tendency for small domains in GUVs of this BSM/Chol/ POPC mixture, in agreement with the fluorescence microscopy results (26) , and is perhaps one of the reasons there is some discrepancy in observations of large phase separation or not when these mixtures are investigated in different vesicle systems.
Finally, the simulations presented here shed some light on the observation that whereas binary mixtures of SM/Chol, SM/POPC, and Chol/POPC do not show macroscopic phase separation by fluorescence microscopy of GUVs, some of these ternary mixtures do, leading to a closed loop in the ternary phase diagram (3, 66) , as illustrated in Fig. 1 . Examination of Fig. 9 clearly shows that a closed loop occurs in the phase diagram. In Fig. 9 A, phase separation is observed in the ternary mixture SM/Chol/POPC 35:35:30. But in Fig. 9 B (SM/POPC 70:30), C (Chol/POPC 70:30), and D (SM/Chol 1:1), where the pairs of components have been combined in binary mixtures containing the same amount of POPC as in Fig. 9 A or equimolar amounts of SM and Chol, no massive phase separation is observed. Thus, all that is required for the observation of a closed loop in the ternary phase diagram is a strong, favorable interaction between SM and Chol and two weak, unfavorable interactions between Chol and POPC and between SM and POPC. When SM and Chol are paired they maintain the same interactions with each other and with POPC as they have in the absence of pair formation. That is, when adjacent to Chol, SM does not have a different interaction with POPC than what it has in the absence of Chol. Thus, there is no need to involve multibody interactions to explain these properties of ternary mixtures of SM/ Chol/POPC; three pairs of binary interactions (v AB ) are sufficient.
McConnell and his collaborators have proposed a model that explains those experimental observations by the formation of SM-Chol condensed complexes, which have a repulsive interaction with POPC (4, 13, 30, 66) . In this model, SM/Chol binary mixtures would not show phase separation. These ideas are compatible with the results of the Monte Carlo simulations presented here, with the parameter values used, and within the approximation of our simple model, which has only one state for SM (L o ). The condensed complex model uses regular solution theory and selects as key chemical components the complex and the disordered lipid (POPC). The interactions between these components-the equilibrium constant for complex formation and the repulsion between complex and POPC-then, together with the mixing entropy, determine the properties of the system. Perhaps the main difference between the two models is the magnitude of the (Gibbs) energies of the interactions involved. The repulsion between a SM-Chol condensed complex and POPC is similar to the average repulsion between a SM-Chol pair and POPC in our model. But the interaction between SM and Chol is only À350 cal/mol in our model, whereas the equilibrium constant for formation of a condensed complex corresponds to a Gibbs energy of À3 kcal/mol (66) at room temperature. The enthalpy of formation of a condensed complex is about À9 kcal/mol (66) , whereas the experimentally determined temperature dependence of v AB for DPPC/ Chol in the L o phase is only À2 kcal/mol (39) . The high values of the energies in the condensed complex model are probably, in part, a consequence of using regular solution theory, which overestimates the mixing entropy and may therefore require large energy values to compensate for it.
